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cSynop'sis‘ ]

Graft copolymerization of vinyl monomers on to collagen was casried out by the ceri¢
ion method. The grafted vinyl polymer chains were isolated by both acid and enzy-
matic hydrolysis of the collagen back haracterize the graft eopolymers
Proof of grafting was obtained throu i-of amino acid endgroups in the
grafts isolated by both the methods. - The grafts isolated gave the characteristic blue
color normally associated with the presen amino acids. The presence of amino acid

_ endgroups was further co 1ﬁrmed by dmitrophenylatlon of the isolated grafts. The ab-
sorptlon spectra of the c tsvshowed ,absorptlon maximum
in the ultraviolet region - "of DNP-amino acids. Boluble

collagén grafted: with pol : brils on heating to 37°C af neu-
tra):pH: but; unlike;the. native oollagen, these fibrils:did not redissolve on: ‘cooling at 2°C:
These-results show that| the. redngperglon‘ property-of: soluble. collagen - was: impaired,
probably by attachment of the PAA side chams to the collage mole The turbidi-
metnc tltratlon behavxor )

Modlﬁcatlon of natural an
tion has been the subject. of nu & :
little’ effort has beenj dlrec 1 tlc mvestlgatlon of theu'k
structure and properties. Qulté recently investigations on the structure
and properties of thq graft copolymers have been taken up by a number of
Workers 11

Graft copolymers ‘of collagen and poly(methyl methacrylate)(PMMA) '
‘forméd ‘through-ce c ammon trate(CAN) initiator, have been
studled‘“lo in detail determine what facto gOVein the percent grafting '

d mo ular welght of the grafted

nated with" gt least ne of t polymets of éhéispééies“vﬁifhi‘c’h keup
the copolymer segments For an unambiguous charactenzatlon of these’



{f()ﬁd]i’fno}'ﬁ,@/is necessary to isolate them from the homopolymers present
in the polymerization products. - The separation poses: a major problem
- when the solubility differences between the graft copolymers and the homo-
polymerska}'e;not,,zl_aprge enough to allow adequate separation. Collagen
graft copolymers, just as in the case of wool, cellulose, and starch graft co-
~ polymers, have- the following two ‘advantages from the point of view of
composition studies: (1) 'the‘solubility?diﬁeryemze between the collagen
backbone and the grafted side chain polymers is usually sufficiently great
to enable adequate separation to be made; (2) the collagen backbone can
be hydrolyzed away, thus. enabling the molecular weight and the grafting
frequency of the grafted side chains to be measured. Tk
~ This paper is concerned with ‘the physicochemical characterization of
collagen—vinyl graft copolymers. The grafted vinyl polymer chains were
isolated by both acid and enzymatic hydrolysis of the collagen backbone
to characterize the graft copolymers. Several lines of evidence were sought
- to distinguish between a true graft copolymer and a physical mixture of
collagen and vinyl polymers. '

EXPERIMENTAL
Materials

Collagen. Collagen prepared from the middle corium of buffalo hide
was used as the source of 'insolubl'ek'collaggn,_ Since a uniform stock of .
material which would be sufficient for the whole investigation was required, "
a large amount was initially prepared and all the experiments were carried
out with the same sample. S o , o
Soluble collagen was prepared from calf ~dermis following a procedure
similar to that of Hérmann and Hafter.11 o
Monomers. Methyl methacrylate(MMA) and methyl acrylate(MA)
were obtained from Rohm & Hass, U.S.A. and acrylamide was obtained
from American Cyanamid Co.” S '
Chemicals. Ceric ammonium nitrate - [Ce(NH,):(NO,)s] and ceric
ammonium sulfate [Ce(NH,)4(804)s] (Puriss, Fluka) were used without
further purification. Pronase (B grade, Cal Biochem, U.S.A.) was used
without further purification. Other chemicals used were reagent grade.

Purification of Monomers

MMA and MA were purified by washing with a 6-8%, sodium hydroxide
solution to remove the inhibitor. After this treatment, the monomers
- were washed with distilled water to remove the alkali completely and dried -
over anhydrous calcium chloride overnight. The monomers were then:
distilled under vacuum and stored in a refrigerator. Acrylamide was re-
crystallized twice with benzene-acetone, -



Preparation of Initiator Solution”

Tho rcqulrod quantltv of CAN. dissolved in IN. “nitrie.acid. was: used.
Fresh qolutmns were prmared for each expenment

Grafting Procedure

The graft copoly merization reactlons were carried out in a round bot-
tomed three-necked ﬁasl& of ‘oné litér capacity fitted with @ water-sealed
glass st rrer, a gas. outlet and a thermometer All the graftmg experi-
ments were carried out 4t a stm'mg d of 100-150 rpm at room’ tem-
perature. Ina typic: 5 0 ,"_vlde powder was dispersed in
400 ml’ distilled . water. 1After oxygen-free nit ‘was. bubbled through
the solution for 30 mm, the required amount of’ ‘monomer was added fol-
lowed by cerie ammomu ‘mt“ olutior 1M) i in 1N’ mtrxc acid. The
ﬁnal conceeratxon of m nomer wais, 0.5 mole/l. and that of CAN was 2.5
X 10~% mole/l. Tho regctlon was “allowed to pro "‘d,'for 3 hr, ‘at’the end
of which the ‘resulting products ‘were séparated b, filtration,” washed with
distilled water, and extracted with the approprlate solvents to remove the
looscly bound homopoly mer '

Homopolymer Extraction.

Preliminary studies With the use of the t bled bottle method and the
Soxhlet extraction method to’ pare. the extractlon efficiencies shewed
that the tumbled bottle met is more ‘efficient, for’ the, extractlon of the
homopolymer " Hence m all subsequ "tudles this method was followed
for oxtractlon of homopf)ly mers from the graft copolvmers “Thé graft co-
po]vmers W ere extracted for 72 hr WO ('hanges of fresh solvents' at’
room tomporaturo "Tn general, extraction of the crude’ collagen ‘graft co-
polymers ‘with solveut for the homo olymer remnved only traces of the
polymer, ‘and herce no syqtematlc mvestlgatlons were “carriéd out on' the
estimation of the amounts of these ngrafted lomopolx mers.

" For grafting on skins, an emulsion polymerization technique was fol-
lowed.!2 - The per cent grafting in the final peructs were determined from
the total nitrogen values.as Teported. previously.?

'Hydrolysis of the Collagen Backbone with Hydrochlonc Acid

Acid hydrolysis was Ca.rned out by heating the graft copolymer with 6N
HCl for:18 hr accordmg to:the pl:ocedure outlinedin a previous paper. w0

"Digestion of the Collagen Backhbone with Pronase

Samples of collagonv-P’\{MA graft copolymer (samples GC; and GCs,
0.1-0.3'g) were hea,t-denatured in'water ¢ nd madé 0.02M in CaCly,: andithe
pH ‘was’ ad]usted to 8 (mth 0. 1N NaO A '10-mg:portion’ 6f pronase dis-
solved in 0.5 mlof w atér was then added; together with a drop of toluene to:
prevent bacterial grow -th. The mixture was then incubated at 37°C-for




18 hr, while the pH was kept constant by addition of 0.01N NaOH. The
insoluble graft was removed by centrifugation, washed, and dried. A
 physical mixture of collagen and PMMA was also digested under identical

conditions, The physical mixture (1:1 w/w) was prepared by grinding
‘the mixture well in & mortar. The residues left after ensyme digestion

~ were thoroughly washed with hot water, centrifuged, and dried.
Treatment of the Isolated Grafts with Ninhydrin

Approximately 100 mg of the isolated grafts obtained by the above pro-
cedures were weighed and placed into test tubes containing 2 ml of dis-
tilled water. A 2-ml portion of the ninhydrin reagent of Moore and Steint®

- was added, and the solutions thoroughly mixed by gently shaking the tubes.
The tubes were capped and placed in a rigorously boiling water bath for
20 min. The solution was cooled and 5 ml of the diluent (ethanol-water,
1:1 v/v) solution was added and the whole mixed and centrifuged. The

absorbence of the supernatant was measured in a Beckman DU spectro-

photometer at 570 my. S
Grafting on Soluble Collagen

For grafting on soluble collagen it was desirable to use a monomer, the
homopolymer of which will also remain in solution after grafting. Acryl-
amide(AA) was thought to be suitable for this purpose, and hence at-
tempts were made to graft AA onsoluble collagen, ’

A 0.1% solution of soluble collagen in 0.1N acetic acid was used for this

purpose. The grafting conditions were exactly same as in the case of in-
soluble collagen. After grafting, the viscous solution was exhaustively dia-
lysed against 0.1N acetic acid. The fibril-forming property of the grafted
collagen waa then studied in comparison with an ungrafted soluble collagen
solution and also with a physical mixture of collagen and poly(AA). ’

Fibril Formation
~ Soluble collagen in cold neutral salt solutions has the interesting property
- of precipitating on warming to 37°C as a rigid gel composed of fibrils.
 If the gel is cool | immediately to 2°C, it will redissolve and will form

- again upon reheating. Conditions which enhance hydrogen bonding favor
the formation of fibrils, while those which rupture hydrogen bonds reverse
the equilibrium. It was, therefore, of interest to examine the fiber-forming
and resolution properties of the grafted collagen solution. Fiber forma-
tion was carrisd out and measured ‘mainly as described by Gross and
Kirk.1¢ _ '

Redispersion was studied by placing the opaque gelled system in an ice-
water bath and measuring the clearing as fall in turbidity at various times.
Changes were measured at 0.5-hr intervals for 2.5-3.5 hr and again after
18 hr. ; s e



Dnmt#o henylation ‘of the Tsolated' Grafts

" Dinitrophenylation of t|
was used by us® as a technique for ol 0
collagen-vinyl graft copolymers. hls"ttechmque has been subsequently
followed by Araj et al.® for ¢! £ i xﬁola:ted PMMA from
the graft copo me :

the first mothod, the| isolate
Ablca,rbonate ‘and treated wit]
ibenzene(D :EB)% ol

The purified D .INP yol§mi
‘the absorption spectra w
‘photometer with. theu

j eckman DU-model spectro-
bnrptlon spectra. of

Y1
“identical conditions.
-the DNP-polymer ‘v
“this caseit was dissol

Pnkemﬁi,taﬁ@m:n bi netric Titrati
i

aceﬁlc amd by k p:u{g t
The solution was the

diluted with' ‘DCAto g Tl
i\made in a Klett-Sun

re pibaﬁok whas conipléte.
166 t 4t 21°C but
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‘ TABLE II , _}
'Average Molecular Weight of. Isolated PMMA and Number of DNP-Amino-Acid
Endgroups per Polymer Chain Determined by the DNP Method

.. Number of DNP-amino dcid
-endgroups per polymer chain’

“Averagemw of By sodium”
L isolated grafts : bicarbonate - By triethylamine
Sample (by viscosity) . method. method

Collagen-PMMA:

graft copolymer .

(GCs)* 0.82 X 10°. 0.41 0.45
Collagen-PMMA o

graft copolymer .

(GCi) N ‘ 2.075 X 10¢ Trace Trace

sIn the preparation of ’jchis éampié," the ceric ion cdnéeﬁtra,giqn used was 1. X '_1‘(_)“2
mole/L. ; ‘ ' N o
bigger peptide ‘fragments Wil be attached to the polymer chain which may’

contain more amino groups. - Table IT shows the DNP-amino acid values
obtained for the grafts isolated by the‘acid hydrolysis method. The num-
ber of amino acid endgroups calculated per polymer chain is less than
unity in both the methods. The lower values obtained may be dué to
the inaccessibility of the amino groups to the bulky reagent.  When the
molecular weight of the grafted product was extremely high, the. number of
amino acid endgroups was so ‘insignificant as barely to be detected by di-
nitrophenylation. - Only trace of DNP-amino ‘acid could be detected in
these isolated grafts. | In the case of grafts isolated by pronase, no attempt
wag made to calculate the DNP-arnino groups, since in this case the poly-
mer chains are attached to lar“'g““'é'pepﬁide‘»fra;g‘ments:"" ' '
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Fig. 3. Redispersion of acrylamide-grafted soluble collagen: (A) grafted collagen;
(B) physical mixture ofsoluble collagen and polyacrylamide; (C) control untreated
_collagen. o



Fibril Formation
The redispersion property of soluble collagen grafted with PAA is shown

in Figure 3.  In the case of the control, the reconstituted fibrils redissolved
to the extent of ‘about 60 at the end of 4 hr, whereas in the case of PAA

graftgdeollagegthg redispersion was only about 20%. These results show

also showed the présence of AA polymer in the precipitate. The physical
~mixture of soluble collagen and PAA, on the other hand, redissolved on
cooling and behaved as untreated soluble collagen,

Precipitation Turbidimetric Titrations

The turbidimetric titration method is closely related to the method of
fractional precipitation. The time-consuming operation, work-up - and
analysis of the fractions is here, in the words of Morey and Tamblyn, 19

- replaced by “‘optical weighing.” Even though the turbidimetric titration
method is only a relative ‘method for the determination of the molecular
weight distribution, it is a simple, rapid, and reproducible method for the
characterization of graft copolymers. ,

Curve 4 in Figure 4 represents the turbidimetric titration of a solution

- of collagen in DCA" against diisopropyl ethier. - Per cent, turbidity, that is,

the ratio of optical density to optical density at complete precipitation, is
plotted against the volume of precipitant added. Curve B represents the
titration of a solution of PMMA, curve C of a physical mixture of collagen

and PMMA, and curve D thatof ‘coll"ag‘e,n—PMMA graft copolymer, under

identicél‘jqopditit)ns. It can be seen that in curve C of the physical mix-

ture, the tutbidity increases rapidly on addition of 6-10 ml of diisopropyl -
ether and again on addition of 18-25ml. These steps may be attributed to

IOOL

YA TURBIDITY

0 & g Tz 16 20
NON?SOLYﬁN? (me)
Fig."4.’Variaﬁ_on in ‘turbigiity: with added nonsolvent: (4) collagen; (B) PMMA ! (C)

physical mixture of collagen and PMMA 5 (D) collagen-PMMA graft copolymer,



‘the precipitation of colla‘fen and PMI}/IA fractions, respectively. However,

in the case of graft co,po‘}‘ymers,,the qurve D is more or less continuous, and

no well marked inﬁectiq‘n Was,obsefxiéd. This indicates that aqtual graft-

ing has occurred. Generslly, the, chemical nature of the polymer has a

much greater influence on its 'solﬂibility“'fthan its molecular weight. The
meager data available'in the literature indicate that a graft copolymer will

normally display solubility characteristics intermediate, between those of

the homopolymers. The‘ solubility of collagen graft copolymer is inter-

mediate between those of the corresponding polymers.

Viscosity in Mixed Solvents

Benoit and his co-workers™~** have established that the solution proper-
ties of graft,.copolymeljsm are very much affected by interaétions between
chemically unlike sequences. If viscosity measurements  are made in
solvent-nonsolvent medium in which one solvent is a good solvent for both
the backbone and branches, and the nonsolvent is.a solvent . the branches
only, repulsive interactions between' the backbone and nonsolvent can be -

large enough to cause the formation of so-called molecular micellae,**~*
The molecular micellae are maintained in solution by the surrounding sol-

vated branches even though the backbone remains unsolvated.

" In Figure 5 plots of percentage of benzene against the intrinsic viscosity

of collagen-PMMA and. collagen-PMA graft copolymers. are shown.

There is a slight increase in the intrinsic viscosity initially, followed by.2

significant decrease as the amount of benzene is increased. « Protection. of

e by solvated grafts often prevents precipitation. « This may

,"due to the formation of the so-called ;pelymolecular micellae, :, When
the protection effect is not sufficient to keep the solution in molecular
dispersion (as the benzene content, increases) the:macromolecule shrinks,

e backbo
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 Fig. 5. Variation of intrinsic viseosities for graft copolymers of collagen as a function
of solvent composition: [(4) collagen-PMMA graft. copolymer; (B) collagen-PMA
graft copolymer. - Lo . :
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Fig. 6. ~'Il)ependen'ce of swelling of copolymers on solvent power;f\‘lﬁct'ion:_ (4) collagen—
; PMMA graft c%)/ulymeg;,« (B) Collagen-PMA graft copolymer.

~ with the result’that. the intrinsic vi‘sbosity 'decreaseslfvﬁe_%ry rapidly. The
slight increase in the intrinsic viscosity observed initially may be due to

an increase of the molecular dimensions of the polymer caused by changes
in conformation or due to the expansions of the graft polymer chains as
- benzene (which is a good solvent for the side chains) is added to the sol-
vent. Such initial expansion followed by contraction of graft copolymers
in other solvents has already been reported. ‘The shape of the curves ob-
tained in the present study were, however, in general agreement with those
of other graft copolymers obtained by other investigators.26—2s

Equilibrium Swelling Measurements in Different Solvents -

Figure 6 illustrates the equilibrium swelling of the collagen-PMMA and
collagen-PMA graft copolymers'ig,a series of solvents comprising esters,
ketones, and chlorinated hydrocarbons. The equilibrium swelling values
were plotted against the. solubility parameters (solvent power function)
of the different solvents used; the general shape of the curves is similar
to that of curves obtained with other types of graft copolymers. 29.%

CONCLUSIONS

The different lines of evidence obtained in this study indicate that the
copolymers obtained by ceric ion-initiated free-radical polymerization of
vinyl monomers on collagen are not physical mixtures of collagen and the
homopolymcr. Indications that our products are true grafts are provided
by the turbidimetric titration behavior of the grafts, their general behavior



w‘i\th‘reépect to .éwelling in different soiveﬁts; the“ir‘xtriné:i»c‘:viscdsity of the

copolymers in mixed solvents

" endgroups in the isolate
mpnomersi,on’go_;various
little or no homopolymer
also made to remove all
haustive ‘and prolonged

homopolymers, < Hence
can be taken for all pract

The infrared spectra
drolysis of the grafted
grafted collagen fibrils

" another paper under puk

and by the detection of the DNP-amino acid-
4 grafts. "The ceric jon method of grafting vinyl
substrates. is. known to have the advantage that
is formed. - In the present study, an attempt.was
occluded and loosely bound homopolymers by ‘ex-
extraction with the appropriate solvents for the
the apparent per cent grafting shown in Table T
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of the isolated grafts by acid and enzymatic hy-
products an ’
and ultrathin sections of fibrils ‘are ‘reported in

d the electron microscopic studies of

This research has been ﬁu;ahced in part by a grant m
Agricultural : Re

Agriculture,
ments are made to Pro
ment. ; '
- This pape
versity of Madras, 1970.

£. Dr.

1. H. Yasuds, J. A. Wrsjy, andV'. Stannett,
8ci., C 2), R. H. Marche_ss,ahlt, Ed., Interscience,
2. R..' Y. M. Huang, B. Immergut, E. H. Immergut,

Sci. A,1;1257 (1963).
-~ 3. C.E. Brockway, J.
4. N. J. Morris, F. A.
- (1968):

ro

. Y. Iwakura, Y. Imai,

5
6
7. J.J.0’Malley and R.
8

9. K. P. Rao, K. T. Jose
. K. P. Rao, K. T. Josep
.Hoérmann and R. H

10
11
12
13
14
15
16
17

Gross and D. 8. Ki
ai, S. Komine,
. Sanger, Biochem.J .,

. W.B. Whally, J. Chem
18. H. W. Melville and B.
19. D. R. Morey and J. W.
20. Y. Gallot, E. Franta,
aris 1963 (J. Polym. Sci. C,
21. A. Dondos, P. Rempp,
22. A. Dondos, P. Rempp,
23. J. J. O’'Malley and R.

H
K.
S. Moore and W. H.
J.

K. Ar

F

.

lg?'louin, and J. C. Arthur, Jr.,

...S. P. Rao and M. Santappa,
H. Marchessault, J. Phys.
. K. P. Rao, K. T. Joseph, and Y. Nayudamma,
.ph, and Y. Nayudamma,

lication.

ade by the U.S. Department of
search Service; under PL-480. Grateful acknowledge-

‘M. Santappa for his valuable suggestions and encourage-

r is taken in pmj'(, from the doctoral thesis of K.P.R. submitted to the Uni-

References

in Fourth Cellulose Conference (J. Polym.
New York, 1963, p. 387.
and W. H. Rapson, J. Polym.

lym..Sci. A, 2, 3721 (1964).
J. Appl. Polym. Sci., 12, 373

and K. Yogi, J. Polym. Sci. A-1, 6,801 (1968).

J. Polym. Sci. A-1, 5, 2681 (1967).

Chein., 70,3235 (1966).

, Leath. Sci., 14, 73 (1967).
Leder 19, 77 (1968).

h, and Y. Nayudamma, Leath. Sci., 16, 401 (1969).
after, Leder, 14, 293 (1963).

P..Rao, Ph.D. Thesis, University of Madras, Madras, J uly 1970.
Stein, J. Biol. Chem., 176, 367.(1948).

tk, J. Biol. Chem.; 233, 355 (1958).

and M. Negishi, J. Polym. Sci. A-1, 8,917 (1970).

39, 507 (1945).

.Soc.,1950,2241.

D. Stead, J. Polym. Sci., 16, 505 (1955).

Tamblyn, J. Appl. Phys., 16,419 (1945).

P. Rempp, and H. Benoit, in ‘Macromolecular Chemistry,
4), M. Magat, Ed., Interscience, New York, 1964, p. 473,
and H. Benoit, J. Chem. Phys., 62, 821 (1965).

and H. Benoit, J -Polym. Sci. A-2,5, 230 (1967).

H. Marchessault, in Polymer Reactions (J. Polym. Sci. C,

. 24) F. M. Fettes, Ed., Interscience, New York, 1968, p. 179.

24. G. F. Molaue and W. M. Wittbrodt,

Maeromolecules, 1, 260 (1968).



~25. R.J. Ceresa, in Blook Copolymers (J. Polym. Set. C, 26), J. Moacanin, G, Holden,
and N. W. Tschoegl, ,Eds.-,\Intér’s’cience;‘New,Ydrk,‘ 1969, p. 201. o i
' 26. J. D. Wellons, J. L. Willisms, and V. Stannett, J. Polym. Sci. A-1, 5, 1341 (196).
©27. AU B. Gosnell, D. K;,,'Woods,i;;J._A. Gervasi, J. L., Williams, and V. Stannett, *
Polymer, 9, 561 (1968). S : B,
- _28. H. C. Beachell, R. Bhimstsin, and J. C. Peterson, in Macromoleculur Chemistry,
Brussels-Louvain 1967 (J. Polym. Soi. C, 22) G. Smets, Ed.; Interscience, New York, .
1960, p.569. ‘ : . v
29. 8. K. Patra, 8. Ghosh, B, K. »-and R. T. Thampy, Symposium on
Solution Properties of Natural Polymers, Chemical Society Special Publication, No, 23,
Edinburg, 1087, p.9p. o ocwipensl Bublleadl
- 30. 8. R. Rafikov and G. K. Berganova, Soviet Plastis, 2, 6 (1966). -




